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Close appositions between the membrane of the endoplasmic
reticulum (ER) and other intracellular membranes have important
functions in cell physiology. These include lipid homeostasis,
regulation of Ca?* dynamics, and control of organelle biogenesis
and dynamics. Although these membrane contacts have previ-
ously been observed in neurons, their distribution and abundance
have not been systematically analyzed. Here, we have used fo-
cused ion beam-scanning electron microscopy to generate 3D re-
constructions of intracellular organelles and their membrane
appositions involving the ER (distance <30 nm) in different neu-
ronal compartments. ER-plasma membrane (PM) contacts were
particularly abundant in cell bodies, with large, flat ER cisternae
apposed to the PM, sometimes with a notably narrow lumen (thin
ER). Smaller ER-PM contacts occurred throughout dendrites,
axons, and in axon terminals. ER contacts with mitochondria were
abundant in all compartments, with the ER often forming a net-
work that embraced mitochondria. Small focal contacts were also
observed with tubulovesicular structures, likely to be endosomes,
and with sparse multivesicular bodies and lysosomes found in our
reconstructions. Our study provides an anatomical reference for
interpreting information about interorganelle communication in
neurons emerging from functional and biochemical studies.
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he endoplasmic reticulum (ER) is a network of interconnected

tubules and cisternae, which was first identified by electron
microscopy in the 1950s (1). Subsequent studies have described its
pleomorphic structure, elucidated some of the mechanisms re-
sponsible for its shape, and revealed the multiplicity of roles that it
plays in cell physiology (2, 3). These roles include synthesis of
membrane and secretory proteins, synthesis of most membrane
lipids, Ca** storage, and metabolite processing.

The ER network extends into all cell compartments, in-
cluding the most distant regions of cells with long processes. It
forms specialized subdomains, such as the nuclear envelope,
ribosome-rich areas (rough ER) that can further organize
themselves into highly packed stacks, and ribosome-free areas
(smooth ER). All these regions are continuous with one an-
other, and fragmentation is rapidly counteracted by homotypic
fusions (4, 5). Although this continuous network is physically
separate from other intracellular membranes, it is functionally
connected to organelles of the secretory and endocytic path-
ways and to the plasma membrane (PM) via membrane traffic
(6). Importantly, cross-talk may also occur between the ER and
other organelles via direct appositions of their membranes
(membrane contact sites, MCSs) not resulting in membrane
fusion (7-12).

MCSs were first observed between the ER and either the PM
(13-15) or mitochondria (16) and shown to be implicated in the
control of Ca*" fluxes (17-20). Subsequent studies have dem-
onstrated that the ER interacts via tethering proteins with all
other membranous organelles of the cell, and have identified a
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variety of functions for these contacts (7-12). One major
function is exchange of lipids between bilayers via lipid-transfer
proteins (11, 12, 21-24). The occurrence of this mode of lipid
transfer between membranes, which is independent of vesicular
transport and membrane fusion, was first described in the late
1960s (25). However, only recently have studies shown that
many of the lipid-binding proteins that mediate such transfer
act at MCSs. Membrane fusion-independent lipid transport is
likely to be especially important in neurons, where many cell
compartments are located very far from the Golgi complex, an
obligatory transit station for lipids exiting the ER via vesicular
traffic (6, 26, 27).

ER cisternae closely apposed to the PM (subsurface cisternae)
in neurons were among the first ER-PM contacts reported (14,
15, 28), and proteins implicated in MCSs are expressed in neu-
rons. However, both the functions of MCSs in neurons and their
abundance and distribution in neuronal compartments, have not
been systematically explored. This analysis requires the genera-
tion of large-volume 3D reconstructions, a challenging task using
conventional transmission electron microscopy (TEM) tech-
niques, such as serial sectioning or electron tomography (29, 30),
despite the power of these techniques to reveal cellular and sub-
cellular nervous system architecture (29, 31, 32). Recent advances
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in electron microscopy have greatly facilitated this task (33-37)
and these advances are being extensively exploited for “con-
nectomics” studies (https://www.neuroscienceblueprint.nih.gov/
connectome/) aimed at mapping neuronal wiring in the brain.
Here, we have used one such method, focused ion beam-scanning
electron microscopy (FIB-SEM), to map the ER and its connec-
tions to other membranes within neurons. This analysis represents
an important foundation to better understand organelle cross-talk
in neurons.
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Results

We performed FIB-SEM on samples of aldehyde-fixed mouse
brain tissue. Images were collected at 4 X 4 X 4- or 8 X 8 X 8-nm
voxel size sampling in the x, y, and z dimensions. Movie S1
illustrates the excellent resolution at which cellular organelles
can be observed using this method. Several neuronal compart-
ments were analyzed at high magnification and 3D models of
these compartments were generated by direct visual inspection.
MCSs were defined as membrane appositions where the distance

Mitochondria M Multivesicular Body B Endosomes and transport vesicles

Contact Sites with the ER

Organization of the ER in a neuronal cell body. Three-dimensional reconstruction of subcellular organelles from a FIB-SEM image stack of a neuronal

cell body (nucleus accumbens). (A) A portion of the peripheral cytoplasm, including all membranous organelles in the region, is shown in a view from the
inside of the cell. (B) Plasma membrane areas in contact with the ER are shown in red: bright red for wide ER cisternae and dark red for “thin” ER (i.e., ER
cisternae where the two opposite faces of the cisternae are tightly apposed to each other so that lumen of the ER can no longer be appreciated at the
resolving power of FIB-SEM). Note the spatial separation of these contact areas from postsynaptic areas (white; one asterisk represents symmetric synapses;
two asterisks represent asymmetric synapse). (C and D) ER and mitochondria sites of contact are shown in red in D. (E and F) ER and tubules or vesicles not
connected to the ER (endosomes and transport vesicles) with contact sites areas shown in red in F. (G and H) ER and lysosomes/multivesicular bodies; contact
sites are shown in red in H. (Scale bars: 400 nm; 80 nm in Inset in J.)
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between two bilayers was <30 nm (8, 38-40). The 3D models
shown in the main figures of this paper are from neurons in the
nucleus accumbens (Fig. 1; see also Figs. 4-7). However, in-
spection of FIB-SEM volumes of the cerebral cortex and dorsal
striatum, including a 3D reconstruction from the cerebral cortex
(Fig. S1), suggested that basic features and subcellular organi-
zation are similar in neurons across these cell regions.

Cell Bodies. Fig. 14 (see also Movie S2) shows a reconstruction of
all membranous organelles in the peripheral cytoplasm of a
neuronal cell body (the Golgi complex adjacent to this cortical
region was not reconstructed). The ER (yellow, irrespective of
the presence or absence of ribosomes) is represented by a con-
tiguous network of tubules and cisternae, which are tightly woven
throughout the intracellular space and around other organelles.
Throughout, these are coded as follows: transparent blue rep-
resents the PM, green represents the mitochondria, dark orange
represents the multivesicular bodies, gray represents the lyso-
somes, and light blue represents the vesicles and short tubules
not connected into a single network. The latter structures are
expected to comprise endosomes and other endocytic vesicles, as
well as post-Golgi transport vesicles that carry cargo to various
destinations, such as the vesicles that deliver receptors and
channels to the plasma membrane. These organelles are collec-
tively referred to below as “endosomes and transport vesicles.”
Contacts between ribosome-free areas of the ER and other or-
ganelles are shown in red.

All major membranous organelles are involved in ER appo-
sitions. In this reconstruction, contacts with the PM are partic-
ularly prominent in size (Fig. 1B), cover 12.48% of the PM in the
reconstruction (Fig. 24), and are predominantly mediated by
large cisternae (Fig. 1B). These contacts do not colocalize with
postsynaptic areas, which are shown in white (Fig. 1B). Contacts
with mitochondria cover about 4% of their surface (Fig. 24) and
are primarily mediated by tubules (Figs. 1 C and D and 2F).
Similarly, contacts with the few lysosomes and multivesicular
bodies observed in the reconstruction (Fig. 24) are made by
tubular ER (Figs. 1 G and H and 2 C and D). Contacts with
endosomes and transport vesicles are very small and involve only
a few of these structures (Figs. 1 E and F and 24); most likely
they reflect transient interactions.

When examined in cross-section, the FIB-SEM images showed
that the lumen of ER cisternae in contact with the PM (ER el-
ements in contact with the PM are defined henceforth as “cor-
tical ER”) had variable thickness (Fig. 3 4 and B). For the
majority of cortical ER, the width of the lumen was greater than
25 nm (mean + SD = 45.2 + 9.9 nm; range = 27.7-101.8 nm)
(Fig. 34). However, in all cell bodies of all brain regions exam-
ined, the lumen of some cortical ER cisternae narrowed down so
much that a space between the two membranes could no longer
be perceived at the resolution afforded by FIB-SEM (Fig. 3 B-I).
The two membranes, however, could be resolved by conventional
TEM (Fig. 3C). These cisternae correspond to “thin ER,” which
has been previously described both in neurons (28, 41-46)
(https://synapseweb.clm.utexas.edu/112-endoplasmic-reticulum)
and in nonneuronal cells (47). In the reconstruction shown in
Fig. 1, the thin ER (dark red) and wide ER (bright red) rep-
resent 37.3% and 62.7% of the total cortical ER, respectively
(see also Fig. 24). However, inspection of neurons in different
brain regions revealed that the abundance of thin versus wide
ER at ER-PM contact sites is variable (Fig. 2.4 and B). In all
cases, cisternae of the cortical ER were continuous with mem-
branes decorated by ribosomes, confirming they are part of the
ER (Fig. 3B). Ribosomes were excluded from the thin ER, al-
though they were often present on the face of cisternae opposite
to the PM, on wide cortical ER.

Some thin ER cisternae had additional peculiar features. In
some cases, the surface opposite to the PM was apposed to another
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Fig. 2. Analysis of contact sites of the ER with the PM and other membranous
organelles in different neuronal compartments. (A and B) Morphometric
analysis. (A) Percentages of the area of the PM and of the surface of in-
tracellular organelles in close apposition with the ER from the three recon-
structions shown in Figs. 1, 3, and 5. Note the greater area of ER-PM contacts
in cell bodies. (B) Percentage of PM perimeter of neuronal cell bodies in close
apposition with wide and thin ER, respectively, as assessed by TEM micro-
graphs (n = 20 neurons for each region). (C-H) Gallery of micrographs
obtained by FIB-SEM at 8 x 8 x 8- (C) and 4 x 4 x 4-nm (D-H) voxel size
sampling in the x, y, and z dimensions. (C) ER making contact with a lysosome
(red asterisk) in a neuronal cell body. (D-F) Portions of dendrites showing
ER making contacts (red arrows) with a multivesicular body (D), a mitochon-
drion (E), and the PM (F), respectively. Two Insets in F show the ER making
contacts (red arrows) with the PM in two small axons. (G and H) ER making
contacts (red arrows) with a mitochondrion (E) and with the PM (F) in two
axon terminals. All images are from the nucleus accumbens. (Scale bars:
200 nm; 80 nm for Insets in D and F.)

ER cisterna, which however, had a wide lumen (Fig. 3D and Fig. S2
A and B). In the cytosolic space between these two, ER cisternae
electron densities, indicative of protein accumulations, could be
observed by TEM (Fig. 3 D and E and Fig. S2 4 and B) (48; similar
structures are also reported in https://synapseweb.clm.utexas.edu/
112-endoplasmic-reticulum). In other cases, the thin cortical ER in
one neuron lined up nearly precisely with another thin cortical ER
cisterna of an adjacent cell (Fig. 3 E-I and Fig. S2C).

Dendrites. Complete reconstructions of all membranous organ-
elles in large dendritic segments are presented in Fig. 4 (nucleus
accumbens; see also Movie S3) and Fig. S1 (cerebral cortex). In
dendrites the ER is mostly tubular, with occasional small cisternae
(Fig. 4 A and B and Fig. S1B) (49-52). Both rough and smooth
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Fig. 3. Thin ER at ER-PM contact sites in neuronal somata. (A and B) ER-PM
contacts in FIB-SEM images. Although in A the ER maintains its thickness when
making contact with the PM (wide ER), in some ER (B), the lumen virtually dis-
appears (thin ER) upon contact with the PM. Note in B that ribosomes are asso-
ciated with the dilated portion of the ER (away from the PM), but are absent from
the thin ER. (C) TEM micrographs showing the tight apposition of the two op-
posite faces of thin cortical ER cisternae (red arrows), with near absence of an ER
lumen. (D and E) TEM micrographs showing thin cortical ER (thin red arrows)
apposed by wide ER with electron-dense accumulations between them (thick
short red arrows). (F) Symmetric arrangement of thin cortical ER in two adjacent
neurons. The portions enclosed by white rectangles are shown at higher magni-
fication in the two Insets. (G-/) Symmetric cortical ER between two adjacent
neurons as seen by FIB-SEM (G) and corresponding 3D reconstruction (H and /)
shown in two different orientations. [Scale bars: 200 nm in A-£; 500 nm in F (Inset,
200 nm); 160 nm in G and H.] A and B are from the nucleus accumbens, B-£ from
the dorsal striatum, and F from the cerebral cortex.

E4862 | www.pnas.org/cgi/doi/10.1073/pnas.1701078114

ER are present. Dendritic ER wraps around mitochondria,
which occupy the central portion of the dendrite and also ex-
tends, at least partially, into about 50% of the spines (Fig. 4 A4,
B, F, and G). Other membranous organelles, including endo-
somes and transport vesicles, are rather sparse in dendrites
(Fig. 4E), consistent with a quantitative study of these vesicles
in hippocampal neurons (53). Spines with the ER reaching into
their head were generally the larger ones, as reported pre-
viously (50) (Fig. 44), including all mushroom spines (Fig. 4 F
and G), whereas in other spines (generally smaller ones) the
ER only reached into the neck (Fig. 4 F and G). In all cases, the
ER of spines was connected to the rest of the network via a thin
single tubule that was threaded through the spine neck (Figs. 4
and 5) (50). ER contacts with the PM were also observed in
dendrites (Figs. 4C and 5B and Fig. S1C; see also Fig. 2F).
However, both the size of these contacts (compare Figs. 1B and
5C) and the fraction of PM involved in such contacts (Fig. 24)
were smaller than in cell bodies. Contacts with mitochondria and
with the endosomes and transport vesicle population (Figs. 24,
4 D and E, and 5C) were similar to those observed in cell bodies.

In the head of large spines, the ER adopted a variety of shapes
and often was in the form of a spine apparatus (Fig. 5) (50, 54)
(https://synapseweb.clm.utexas.edu/spine-apparatus). Some small
contacts with the plasma membrane could often be observed
(Fig. 5 B, F, and H), but we did not observe the ER making
direct contact within the postsynaptic membrane in spines. As
expected, the cisternae of the spine apparatus were contiguous
with one another and with the rest of the ER, as previously
observed (55) (Fig. 5 E-H), although discontinuities between
cisternae were observed in few cases. Mitochondria were rarely
found in spines (Fig. 4D).

Axons. Smooth ER extended into all axons, where it had a dense
appearance with a narrow lumen. In large axons, both myelin-
ated and unmyelinated, the ER formed a system of anastomosed
tubules (50, 52, 56), whereas in thin axonal segments a single
continuous tubule was observed (Fig. 6 A and B). At synaptic
varicosities, the tubules branched or expanded into small cis-
ternae (Fig. 6 A and B and Movie S4) (see also refs. 56 and 57).
These ER elements formed a web that surrounded mitochon-
dria, clusters of synaptic vesicles and the few other organelles of
nerve terminals. These included vesicles or vacuoles larger than
synaptic vesicles [possibly organelles generated by bulk/ultrafast
endocytosis (58, 59)] and occasional multivesicular bodies (Fig.
6D). In some varicosities they also included networks of tubules
that were physically discontinuous from the ER network (Fig. 7,
light blue elements, and Movie S5). These tubules differed in
appearance from the ER elements because of a wider lumen and
less-dense appearance (Fig. 7 G and H). Most likely, the tubules
represent endosomal compartments, as similar tubules con-
nected to clathrin-coated buds have been observed in presynaptic
regions (60), although the possibility that some of them may
represent ER elements disconnected from the bulk of the ER
network cannot be excluded. As in the case of dendrites, the
contact area with the PM (both in unmyelinated and in myelin-
ated axons) appeared smaller than the contact area in cell bodies
(Figs. 6 C and I and 7C; see also Insets in Fig. 2 F and H). ER
appositions with mitochondria (Figs. 6H and 7 D and F; see also
Fig. 2G) and endosome-like structures (Figs. 6D and 7 E and G)
were present and reminiscent of those observed in cell bodies
and dendrites (Fig. 2E). The ER was excluded from active zones
of secretion (Figs. 6 4 and E and 74).

Discussion

In recent years, several proteins that function as tethers between
intracellular membranes (for example, see refs. 12, 21, and 61—
65) have been identified and there is growing appreciation
for the importance in cell physiology of MCSs (9, 12, 38, 66).
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(n=484) (n=285)
Dendritic Spines in Dendritic Spines in
Nucleus Accumbens Cerebral Cortex

Fig. 4. Organization of the ER in dendrites. Three-dimensional model of
subcellular organelles from a FIB-SEM image stack of a dendritic segment
(nucleus accumbens). (A) The model includes all membranous organelles
present in this dendrite color-coded as in Fig. 1. Note the continuity of the ER
and its penetration into a subset of dendritic spines. (B) The ER, mitochon-
dria, and endosomes and transport vesicles. (C and D) PM and mitochondria,
respectively; areas of contacts with the ER shown in red. (E) Endosomes +
transport vesicles areas of contact with the ER are shown in red in the Insets.
Other contacts with the ER not visible in this view can be seen in Movie S2.
(Scale bars: 800 nm.) (F and G) Pie charts showing the percent of spines
containing ER in neurons of the nucleus accumbens and of the dorsal
striatum, respectively, as assessed by inspection of two FIB-SEM datasets.

Determining the abundance and extension of MCSs by an
ultrastructural analysis is key to place this information into an
anatomical context. Here, we used FIB-SEM to analyze the 3D
structure of the ER and its relation to other membranous or-
ganelles in cell bodies, dendrites, and axons of brain neurons in
situ with the goal of identifying the locations of MCSs in the
soma, dendrites, and axons of neurons. Only relatively small
portions of several selected neurons were reconstructed. Thus,
one should be cautious about the generality of our findings, as
the abundance of MCSs is expected to vary in different neurons

Wu et al.

and to be affected by the functional state of the cell. However, as
most neurons are likely to share fundamental principles of in-
tracellular organization, the results shown here provide basic
information useful to complement biochemical and functional
studies of MCSs. The ER populates even the most distant neu-
ronal compartments without any interruptions, although rough
ER is only present in the perikaryon and larger dendritic
branches (56). As previously noted, remarkably, this continuity
persists even in narrow compartments, like the neck of dendritic
spines (50, 52) and the thin branches of terminal axons (67),
where single thin threads of the ER remain fully connected to
the rest of the ER network. The delicate nature of these ER
tubules may help explain why loss-of-function mutations in
proteins that shape the ER, or mediate homotypic fusion of its
membrane, lead to neurodegenerative diseases (68). For example,

Fig. 5. ER and other organelles in dendritic spines. (A-D) Three-dimensional
models of two adjacent spines emerging from a dendrite (from FIB-SEM
image stacks, nucleus accumbens). (A) All membranous organelles were
reconstructed (color coded as in Fig. 1). (B and C) PM and mitochondria,
respectively; areas of contacts with the ER shown in red. A cluster of endo-
somes/transport vesicles with two areas of contact with the ER (red) visible in
the Inset of C. (D) ER of one of the two spines shown in A. (E-H) Mushroom-
shaped dendritic spine in the cerebral cortex containing a typical spine ap-
paratus. (E) Three-dimensional model of the spine showing all organelles
(color coded as in Fig. 1). (F) Single FIB-SEM image showing a cross-section of
the spine apparatus, which comprises seven cisternae, one of which makes a
contact with the PM in the plane of the image (red arrow). (G and H) Three-
dimensional reconstruction of the spine apparatus shown in F, demon-
strating two contacts with the PM (red) (H). (Scale bars: 400 nm in A-E; 80 nm
in Inset in C; 80 nm in F-H.)
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Fig. 6. ER network in an axon. (A-D) Three-dimensional model of a thin axonal segment (from a FIB-SEM image stack, nucleus accumbens). (A) All mem-
branous organelles were reconstructed; they are color-coded as in Fig. 1. In addition, synaptic vesicles are shown in dark blue. A single ER tubule travels along
the axon and expands into small tubular networks at presynaptic varicosities. (B) Selective view of the ER, mitochondria, and endosomes and free vesicles
excluding synaptic vesicles. (C) PM where areas of contacts with the ER are shown in red. (D) Endosomes and free vesicles excluding synaptic vesicles (synaptic
vesicles were defined as the small, homogenously sized small vesicles clustered together at presynaptic sites). Contact sites between the ER and tubulovesicular
structures (most likely endosomes) are shown in red in the two insets. (E-H) High-magnification views of selected organelles in the largest presynaptic varicosity
of the axonal segment shown in A. The synaptic interface is shown in magenta. Contacts areas between the ER and mitochondria are highlighted in red in field
H. (I and J) Three-dimensional model in a myelinated axon showing the PM, the ER, and a membrane tubule not continuous with the ER (endosome or other
transport intermediate; nucleus accumbens). Contact between the ER and the PM and with an isolated tubule (endosome or other transport intermediate) are
shown in red in / and J, respectively. (K and L) Micrographs showing original FIB-SEM dataset from which the 3D reconstruction of field E was obtained. Active zones
of secretion (AZ) are indicated by white stippled rectangles. (M and N) Micrographs from original FIB-SEM data set illustrating cross-sections of the axons shown in A
and /, respectively. (Scale bars: 800 nm in A-D; 40 nm in Insets in D; 160 nm in E-H; 400 nm in /-L; 160 nm in M and N.)
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Fig. 7.

ER and other organelles in a large presynaptic varicosity. (A-G) Three-dimensional model of the nerve terminal (from FIB-SEM image stacks, nucleus

accumbens). (A) All membranous organelles and the synaptic interface were reconstructed and color coded as in Fig. 1; synaptic vesicles are in dark blue and
the synaptic interface in magenta. (B-G) View of selected organelles with red color indicating contacts with the ER. (H and /) Two images from the FIB-SEM
stack used for the 3D reconstruction illustrating the different morphology of two types of tubular elements: the thinner/darker tubules are defined as ER
because of their continuity with the ER network of the axon. The larger tubules (shown in light blue in the 3D reconstruction) are disconnected from the ER;
they are reminiscent of the tubular endosomal structures observed in some nerve terminals (60, 99). (Scale bars: 400 nm.)

mutations in atlastin, which is particularly important in coun-
teracting ER fragmentation by promoting homotypic fusion
of ER elements (69, 70), have been linked to hereditary spastic
paraplegia (68).

The dense packing of membranous organelles within the cy-
toplasm implies the frequent random occurrence of transient
close encounters between organelles. Thus, we cannot conclude
that all contacts observed reflect specific direct or indirect in-
teractions between the two participating membranes. Because of
the resolution limits of FIB-SEM, the presence at MCSs of
protein densities suggestive of protein tethers, a defining feature
of stable membrane appositions, could not always be assessed.
However, the peculiar morphology of many of the contacts ob-
served (for example, flat ER cisternae closely apposed to the
PM) or the extension of such contacts over long distance (for
example, ER-mitochondria contacts) strongly suggest that at
least a substantial subset of them represent specific interactions.

Contacts between the ER and the PM were ubiquitous, but
covered a larger fraction of the PM in the cell bodies than
elsewhere. Possibly, this abundance in cell bodies is related to
the lower surface- (PM) to-volume (cytoplasm) ratio, so that
functions mediated by ER-PM contact in these compartments
must support a greater volume of cytosol and the ER. ER-PM
contacts have been proposed to have a multiplicity of functions
(see refs. 9, 12, and 66 for recent reviews). These functions in-
clude delivery of newly synthesized lipids from the ER to the
PM, and return of lipid metabolites from the PM to the ER for
metabolic recycling. That lipid exchange between the ER and the
PM can occur also in axons is supported by studies of the giant
squid axon, indicating the presence of phospholipid-synthesizing
enzymes (71) in the core of the axon and the presence of nu-
merous ER-PM contact sites along its PM (72).

Additional housekeeping functions of ER-PM contacts that may
operate also in neurons include in frans action of ER-localized
enzymes on the PM (73, 74), store-operated Ca** entry (SOCE)

Wu et al.

(18), and coupling between Ca?" influx from the extracellular
medium and Ca®*-release from the ER (75, 76). Both stromal
interaction molecule (STIM) and ORAI proteins, key players
in SOCE, and ryanodine receptors, ER-localized Ca** chan-
nels responsible for Ca**-induced Ca?* release at the ER-PM
junction in muscle (75, 77), are expressed in neurons (78, 79).
Similarly, isoforms of junctophilin, another integral protein of
the ER membrane that binds the PM in trans and functions as
an accessory factor of the ryanodine receptors at muscle triads,
are expressed in neurons (80-82).

Interestingly, several of the subsurface cisternae of the cortical
ER in cell bodies and large dendrites had an extremely narrow
lumen (thin ER), as if the two opposite faces of the cisternae
were stapled to one another. Thin cortical ER cisternae (referred
to as subsurface cisternae) have been previously observed in neurons
(44) (https://synapseweb.clm.utexas.edu/112-endoplasmic-reticulum),
in some cases under the postsynaptic membrane (also called hypo-
lemmal cisternae) (28, 41-43, 45, 46), where they have been pro-
posed to be involved in signal transduction. Subsets of thin cortical
ER cisternae had additional interesting features, as they were ap-
posed to a wide ER cisterna on the side opposite the PM, or were in
precise register with thin ER in an adjacent neuron, suggesting a
form of intercellular communication. Similar structures have been
observed in cancer cells (83). The peculiar morphology of all these
ER structures strongly suggests the occurrence of regional speciali-
zations of the cortical ER, although their molecular basis remains
unknown. Thin ER expands in cells overexpressing STIM1, leading
to the hypothesis that thin ER may be involved in SOCE (47). The
predominance of thin ER in cell bodies suggests that SOCE plays a
greater role in the soma than in neuronal processes. This finding is in
agreement with the dominant role of Ca** influx from the PM,
rather than from intracellular stores, in the control of Ca** dynamics
in nerve terminals. However, it remains to be demonstrated whether
STIM1 or STIM2 are concentrated in the thin ER of neurons.
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Contacts between the ER and mitochondria were abundant in
all compartments, consistent with the fact that the two organelles
work together in lipid metabolism but lack vesicular transport
connecting them (38, 84). Another expected function of ER-
mitochondria contacts is the control of direct Ca®" fluxes be-
tween the two organelles without major spillover into the cytosol
(19). Our reconstructions revealed a striking tendency of the ER
to form a network around mitochondria (see also ref. 85). One
might expect this interaction to limit mitochondrial motility.
However, at least a fraction of mitochondria are motile in neu-
ronal processes (86), pointing to occurrence of mechanisms to
dissociate them or disentangle/fragment them. In fact, contacts
with the ER have been implicated in mitochondria fission (87).
Interestingly, Gem1 (GTPase EF-hand protein of mitochondria)/
miro (mitochondrial rho-like), a GTPase which is found at ER-
mitochondria contact sites in yeast (88), has been shown to con-
trol mitochondrial motility in neurons (86).

Finally, the identification in all neuronal compartments of con-
tacts between the ER and tubulovesicular structures with the mor-
phology expected for endosomes, complement several recent studies
providing evidence for a role of these contacts in lipid transport,
control of endosome movement, and endosome fission (12, 89-91).
ER appositions were also found with lysosomes and multivesicular
bodies (40, 62, 92), as expected. Such appositions were not system-
atically investigated, given the sparse presence of these organelles in
the neuronal volumes that we have reconstructed.

Collectively, our results advance knowledge about the orga-
nization of the ER in neurons and of its interaction with other
membranes. Mutations affecting ER contacts with various or-
ganelles can result in severe neurological diseases, including
amyotrophic lateral sclerosis (93), Huntington’s-like chorea (80),
and neuroacanthocytosis (64, 94). Abnormal functions of MCSs
have also been proposed to have a role in Alzheimer’s disease
(95). The information presented in this study, together with
further quantitative studies of MCSs in specific neuronal pop-
ulations and in different activity states, will help to interpret
functional studies of MCSs in physiology and pathology in
a structural context.

Methods

Animals. All mice were maintained on a 12-h light/dark cycle with standard
mouse chow and water ad libitum. All research and animal care procedures
were approved by the Yale University Institutional Animal Care and
Use Committee.

Fixation of Mouse Brain Tissue.

Nucleus accumbens for FIB-SEM. An adult mouse (11-mo-old male C57/BL6J) was
deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and in-
tracardially perfused with a mixture of 2% glutaraldehyde/2% depoly-
merized paraformaldehyde in 0.1 M phosphate buffer at a pH of 6.8. The
brain was removed, postfixed overnight at 4 °C, and 50-um sections were
generated on a vibratome. Sections were incubated 30 min in 0.1% CaCl,
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dissolved in normal saline (0.9% in water), processed for reduced osmium in
0.1 M cacodylate buffer (0.1 M, pH 7.4) according to the Graham Knott
protocol (96, 97), then treated with 2% samarium trichloride and 1% uranyl
acetate in maleate buffer pH 6.0, before dehydration and infiltration in
Durcupan resin. Sections were sandwiched between two layers of ACLAR
plastic and polymerized 48 h at 60 °C. After polymerization, chips from the
core of the nucleus accumbens were cut out and glued to custom-made
copper specimen holders for FIB-SEM.

Cerebral cortex for FIB-SEM. Preparation of this material (from a 3-mo-old male
C57/BL6 mouse) was described in Hayworth et al. (37).

Dorsal striatum for FIB-SEM and cerebral cortex for TEM. Two 4-mo-old female
mice C57BL6/129 were anesthetized with a ketamine/xylazine anesthetic
mixture before perfusion with 2% depolymerized paraformaldehyde and
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. The brain was then
cut into small pieces (less than 1 mm in all dimensions), immersed in perfusion
buffer for another 2 h at room temperature, and postfixed in 2% OsO,,
1.5% K4Fe(CN)g (Sigma-Aldrich), 0.1 M sodium cacodylate buffer 1 h. Sub-
sequently, specimens were stained in block with 2% aqueous uranyl acetate
(1 h), dehydrated in increasing concentrations of ethanol, and embed-
ded in Embed 812 (unless otherwise noted, all EM experiment components
are from EMS). Ultrathin sections for TEM were imaged in a Philips
CM10 microscope at 80 kV and images were taken with a Morada 1 k x 1 k
CCD camera (Olympus) and saved in TIFF format. Images were processed
with Adobe Photoshop 6.0 software.

FIB-SEM Analysis. Epon-embedded samples (less than 1 mm in all dimensions)
were mounted on sample studs and their tops were trimmed to a 40-100- x
100-300-nm dimension. Samples were then re-embedded in durcupan (EMS,
Catalog #14040) by dabbing gently on the trimmed top of the epon-embedded
sample with a small volume of uncured durcupan and then exposing them to
60 °C. Next, cured samples were coated with a thin layer of 10-nm gold and
100-nm carbon. For FIB-SEM imaging, a custom built FIB-SEM, with an FEI
Magnum FIB column mounted onto a Zeiss Merlin SEM, was used. SEM imaging
was performed using a 200-pA electron beam of 700 V landing energy at
200 kHz with 2-nm spacing in the x and y directions. A 7-nA 30-kV gallium ion
beam was used to remove 2-nm of material in the z axis after each SEM image
to generate a 4- or 8-nm isotropic voxel image stack by an InLens detector (Zeiss
electron microscope) in which secondary electrons were filtered out through
sample biasing so that only backscattered electrons were detected (98). Vol-
umes sampled were as follows: nuclear accumbens (1,007 pm3 at 8-nm voxel
size and 150 pm3 at 4-nm voxel size), cerebral cortex (276 pm3 at 8-nm voxel
size) and dorsal striatum (300 pm3 at 4-nm voxel size).

For the generation of the 3D reconstructions, membrane contours were
traced semimanually by using 3dmod software. EM images used in the figures
are from original TIFF files exported from the 3dmod software via the Movie
Montage function. Snap shots of 3D models used in the figures were taken
with the Movie Montage function in 3d mod software, with no further
processing. For the analysis of the width of the lumen of ER cisternae,
measurements were taken at <30-nm distance along the length of cross-
sectioned cisternae (n = 864 measurements from 207—pm3 stacked images
taken at 4 x 4 x 4-nm voxel size).
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